Dynamic DNA methylation and three-dimensional chromatin architecture compose a major portion of a cell's epigenome and play an essential role in tissue specific gene expression programs. Currently, DNA methylation and chromatin organization are generally profiled in separate assays. Here, we report Methyl-HiC, a method combining in situ Hi-C and whole genome bisulfite sequencing (WGBS) to simultaneously capture chromosome conformation and DNA methylome in a single assay. Methyl-HiC analysis of mouse embryonic stem cells reveals coordinated DNA methylation between distant yet spatially proximal genomic regions. Extension of Methyl-HiC to single cells further enables delineation of the heterogeneity of both chromosomal conformation and DNA methylation in a mixed cell population, and uncovers increased dynamics of chromatin contacts and decreased stochasticity in DNA methylation in genomic regions that replicate early during cell cycle.
Main
DNA methylation plays a critical role in gene regulation 1 . DNA methylation is dynamically regulated by a variety of enzymes, including the do novo methyltransferases DNMT3a and DNMT3b and the ten-eleven translocation (TET) family of dioxygenases TET1/2/3 2 .
Additionally, DNA methylation patterns are maintained by DNMT1 3 . The methylation status of adjacent CpG dinucleotides on the same DNA fragment is often coordinated, a phenomenon that has been used to define methylation haplotype in liquid biopsy tests 4, 5 .
However, due to the short fragment length in Whole Genome Bisulfite Sequencing (WGBS) 6 and absence of long-read methylome sequencing technologies 7, 8 , it is not clear how long such coordinated DNA methylation extends in mammalian cells. As the DNA is spatially organized into three-dimensional structures, genomic regions that reside up to hundreds of kilobases away can be brought into spatial proximity through chromatin folding 9 . Thus, it is conceivable that DNA methylation between distal sequences could also be coordinated due to their spatial proximity. The chromosome conformation capture (3C) technology is based on proximal ligation of spatially close genomic DNA segments 10, 11 .
Since DNA methylation is a covalent modification on DNA, methylation status of cytosines far apart on the linear sequence could in principle be captured simultaneously on ligated DNA during chromosome conformation capture procedures. We exploit this principle to develop Methyl-HiC, combining in situ Hi-C 12 and WGBS to simultaneously profile chromatin organization and DNA methylation genome-wide ( Fig. 1a ). Briefly, long-range chromatin interactions are captured by crosslinking with formaldehyde, digested with methylation insensitive restriction enzyme DpnII, labeled with biotinylated nucleotides, and ligated in situ. The ligation products are then enriched with streptavidin coated magnetic beads after sonication of genomic DNA. The captured DNA is then subject to bisulfite conversion, library construction and paired-end sequencing (Fig. 1a ). We developed a computational pipeline, Bhmem, to map the sequencing reads to the reference genome, reveal the methylation status on linked DNA fragments ( Fig. 1b and Supplementary Fig.   1a ) (see Method for description of Bhmem) and compute the pairwise contact frequency genome wide.
To demonstrate the performance of Methyl-HiC, we first applied it to the mouse embryonic stem cell line F123, a hybrid between the castaneus and S129/SvJae mouse strains. We compared the results with that from in situ Hi-C analysis from the same cell line. With similar sequencing depth, Methyl-HiC results are highly correlated with in situ Hi-C at different resolutions (Fig. 1c , stratum-adjusted correlation coefficient (SCC) 13 in 250kb resolution: 0.92±0.02; SCC in 25kb resolution: 0.88±0.008). The contact probabilities of two datasets are comparable to each other (Fig. 1d ). The chromatin loops, detected using HiCCUPS 12 at different resolutions, largely overlap between the two datasets ( Fig. 1c , blue squares, and Supplementary Table 1 ). Additionally, chromatin loops identified from Methyl-HiC results showed similar enrichment of enhancers and promoters as marked by histone markers (H3K4me1, H3K27Ac, and H3K4me3), CTCF, and Polycomb-Repressed chromatin (H3k27me3), as in situ Hi-C, indicating that Methyl-HiC can effectively detect chromatin loops ( Supplementary Fig. 1b ). Furthermore, the Topologically Associating Domains (TADs) identified from the two datasets are also similar ( Fig. 1e and Supplementary Fig. 1c ). These results show that Methyl-HiC can capture chromosomal conformation as effectively as in situ Hi-C.
In addition to efficiently capturing chromosomal architecture, Methyl-HiC also profiles DNA methylation genome wide. We compared Methyl-HiC data with WGBS data from the same cell line and found that Methyl-HiC can capture about 80% CpGs from WGBS data (Fig.   1f ). The methylation level of these CpGs showed great concordance (R=0.87, p<2. 2-e16) with WGBS results ( Fig. 1g and Supplementary Fig. 1d ). We also notice that Methyl-HiC reads tend to be enriched at regions with DNA hypomethylation. Despite this bias, Methyl-HiC accurately measures the DNA methylation state for the over 15 million CpGs in the mouse genome ( Fig.1g ). These results, taken together, demonstrate that Methyl-HiC can simultaneously map DNA methylome and chromatin architectures in a biological sample.
Previous studies have reported that adjacent CpGs usually share concordant methylation status, and the stretches of DNA that contain such CpGs are termed methylation haplotype blocks 4, 5 . Because the genome is not only linearly separated but also spatially organized, we hypothesize that spatially proximal DNA may also have coordinated methylation status. To test this hypothesis, we analyzed the chromatin loops detected from Methyl-HiC and in situ Hi-C in the same cell type. Indeed, the Pearson correlation coefficients of the methylation status from Methyl-HiC read pairs mapped to anchors of these chromatin loops ( Supplementary Fig. 2a ) are significantly higher than that from shuffled read pairs mapped to the same anchor regions ( Fig. 2a and Supplementary Fig.   2b ) (p<2.2e-16, Fisher z-transformation), indicating that methylation status of spatially proximal CpGs is coordinated. We further classified the loops according to the chromatin compartments they belong to. We observed that loop anchors in compartment A had higher methylation concordance compared to these in compartment B (Fig. 2b ). This is in line with recent reports that the methylation correlation signal is a better predictor of A/B compartments than the average methylation signal 14 .
Active and poised enhancers frequently exhibit hypomethylation in cells, and it is not clear whether the variable DNA methylation at enhancers is correlated with target gene promoters or other enhancers in the same transcription hub. Methyl-HiC data provides an opportunity to address this question. We classified the F123 cell genome into 7 different chromatin states using ChromHMM analysis of four histone modifications (H3K4me3, H3K4me1, H3K36me3, and H3K27me3) 15 . Pearson correlation coefficients of DNA methylation on the same Methyl-HiC read pairs showed different trends for pairs of genomic regions from different chromatin states. Methylation of DNA at actively transcribed genes, which are generally marked by H3K36me3, shows negative correlation with methylation status of active promoters and enhancers ( Fig. 2c ), consistent with previous observation that DNA methylation on TSS and gene body are inversely correlated 16 . By contrast, DNA methylation from active enhancer-like regions, marked by H34K4me1/3, shows positive correlation with that of linked promoters marked by H3K4me3, supporting the coordinated DNA methylation processes between active enhancers and their target gene promoters. Surprisingly, DNA methylation levels at regions with active enhancer-like chromatin state also display a positive correlation with that at linked regions marked by Polycomb-repressed chromatin state ( Fig. 2c ). This finding raises interesting questions regarding the relationships among polycombrepressed state and enhancers, which will require additional experiments to resolve in the future.
Methods to map DNA methylome in single cells have been developed [17] [18] [19] , and used to deconvolute sub-populations from heterogeneous tissues or cell populations. Similarly, approaches to map chromatin organization in single cells have also been devised to reveal cell to cell variations in chromosome conformation in a mixed cell population [20] [21] [22] , and to study chromatin architecture in cell cycle 23 and rare cell types, such as oocytes and zygotes 24 . One drawback of these methods is that DNA materials are destroyed during the process, preventing analysis of different epigenomic features from the same cells. The development of Methyl-HiC would overcome this limitation and provide the opportunity to explore the heterogeneity of DNA methylation and chromatin architecture simultaneously in a mixed cell population. We therefore modified methyl-HiC protocols to single cells.
Briefly, after in situ proximal ligation, we sort individual nuclei into a 96-well plate, and then perform bisulfite conversion in each well. DNA adaptors are next ligated to the resulting bisulfite-converted single strand DNA (ssDNA), and the resulting DNA is PCR amplified for paired-end sequencing 17 (Fig. 3a) . We generated single cell Methyl-HiC data for 108 mES cells cultured in serum plus LIF condition (primed state) and 48 mESCs cultured in 2i conditions (naï ve state) 25 . After removing low quality reads (mapQ<30), PCR duplicates, and inter-chromosomal read pairs, and cells with less than 250,000 reads and 10,000 cis ligations, we obtained data for 103 primed state mESCs and 47 naï ve mESCs, each with about 1 million uniquely mapped and high quality intra-chromosomal reads for further analysis (Supplementary Table 2 ). Reads with each end originating from distinct restriction fragments are selected for further analysis, resulting in around 100,000 contacts on average in each cell ( Supplementary Fig. 3a ). The contact probabilities are comparable between the bulk dataset and the aggregate of single cells ( Supplementary Fig. 3b ). After normalization for sequencing coverage 26 , the intra-chromosomal interaction matrix from the bulk dataset and ensemble dataset of 103 primed mESCs are very comparable ( Fig.   3b and Supplementary Fig. 3d, 3e ), with the Pearson correlation coefficient computed from observed over expected contact matrix (250kb bin resolution) at 0.98 (p<2.2e-16). We also generated single cell methylomes from these cells with an average coverage of 288,000 CpGs per cell, a level that is comparable to previous single cell Methylome datasets 17, 18 ( Supplementary Fig. 3c ). The average methylation levels of primed and naï ve mESCs are around 60% and 20% ( Fig. 3c ), respectively, consistent with previous single cell DNA methylome data 18 . Moreover, consistent with the observation from bulk populations, DNA methylation levels at the loop anchors are coordinated in individual cells ( Fig. 3d ). Taken together, these results show that our single cell Methyl-HiC can capture DNA methylation and chromatin architecture simultaneously in single cells.
The single cell Methyl-HiC dataset would enable analysis of cell-to-cell variability in both chromosome organization and DNA methylation as they relate to different replication timing regions. DNA replication is accompanied by dynamic chromosome organization and DNA methylation. In particular, previous studies have uncovered a link between chromatin compartments and timing of DNA replications, and between topologically associating domains with DNA replication domains 27, 28 . While DNA methylation pattern is generally replicated by the DNMT1 at each cell division, the fidelity is not 100%, resulting in variation and plasticity in the methylome 29 . We partitioned the genome into four groups based on replication timing previously determined by Repli-ChIP data from mESC 30 . We then analyzed single cell methylomes and 3D interactions in each replication timing group.
We found that regions associated with late replication showed higher DNA methylation levels ( Supplementary Fig. 3f ), consistent with their heterochromatin nature 31 . Moreover, the late replication regions tend to show higher cell-to-cell variability of DNA methylation evidenced by increased Standard Deviation (SD) across 107 mESCs ( Fig. 3e ) and a higher rate of hemi-methylation (CpGs with methylation level equal to 0.5 in single cell DNA methylome) ( Supplementary Fig. 3g ). Interestingly, late-replicating DNA had lower variabilities in chromatin interactions than early-replicating DNA (Fig. 3f ). Taken together, our data suggest that early replication regions are characterized by more dynamic longrange interactions, less variable DNA methylation, more permissive chromatin states and higher gene expression level 32 , than late replication time domains. Epigenetic heterogeneity in tissues or cell population presents a significant challenge in analysis of epigenome of tissue samples 17, 33 . As DNA methylation differs among different cell types, it is possible to deconvolute distinct cell types from single cell Methyl-HiC datasets based on DNA methylation so that the chromatin contacts could be investigated in each cell type. Indeed, the primed and naï ve mESCs were clearly separable using single cell Methyl-HiC datasets (Fig. 4a) . Interestingly, the primed mESCs can be further divided into two subpopulations according to DNA methylome, which is consistent with previous report 18 (Fig. 4a ). We then compared these subpopulations with lineage specific DNA methylation profiles from ENCODE projects and found that the two subpopulations in primed cells clustered with different lineages specific features, in which Cluster 3 showed potential embryonic limb development trend (Fig. 4b ). We then aggregated the contact matrix of cells that share the same DNA methylation status, and compared the populations to each other as well as clearly defined mESCs cells. Our result showed that the aggregated contact matrix could show heterogeneity between different DNA methylation clustered cells ( Fig. 4c ), which suggests that our method will be useful to determine single cell HiC identity of heterogeneous cell population and tissues. To further show the biological function of the 3D structure heterogeneity, we identified the differential compartments between two clusters (Supplementary Table 3 ). Genome ontology (GO) analysis of the Differential Methylated Regions (DMRs) and genes located in these differential compartments revealed that DMRs and genes that switched from compartment B in Cluster 2 to compartment A in Cluster 3 were enriched for genes with function related to embryonic limb development ( Fig. 4d and 4e ). For example, HoxD cluster genes and Epha4 are key regulators for embryonic limb development 34, 35 . Here we showed that HoxD cluster genes and Epha4 gene switched from compartment B in Cluster 2 to compartment A in Cluster 3 ( Fig. 4f and Supplementary Fig. 4 ). This is in line with our above clustering according to DNA methylome, indicating that our method can discover differential chromatin conformations in heterogeneous cells.
Here, we report a novel method, Methyl-HiC, which combines high throughput chromatin conformation capture with whole genome bisulfite sequencing that can simultaneously profile and integrate two epigenetic regulations on the same DNA molecule. We demonstrate that Methyl-HiC could be used to study the higher-order organization of chromosomal structures and DNA methylomes simultaneously in mixed populations and in single cells. By doing these, we show that DNA methylation status is generally concordant between spatially close cytosines.
The simultaneous profiling of multiple epigenomic features, especially from single cells, has multiple advantages over assaying each feature individually. As the cost of both Hi-C and WGBS is predominantly sequencing, combining two assays together will lead to substantial savings due to reduced sequencing cost. In addition, Methyl-HiC is desirable when the biological material is limited, such as oocytes, zygotes and early embryos. In particular, single cell Methyl-HiC generates maps of DNA methylome and chromosome conformation from the same cells, allowing integrative analysis of chromatin architecture and epigenome in individual cells. While current protocol of single cell Methyl-HiC is still limited by data sparsity, this limitation could be overcome in the future by better DNA methylation detection strategies, such as bisulfite free DNA methylation profiling 36 , or better amplification approaches, such as META (multiplex end-tagging amplification) 37 .
Further development of single cell Methyl-HiC in the future to include variants detection from bisulfite reads 38 and transcriptome 39, 40 from the same cell will allow us to reveal the comprehensive regulation diagram in a single cell from genetic, epigenetic, transcription, and chromatin interaction aspects.
Although single cell epigenomic datasets can be clustered de novo, the identities of each sub-population are difficult to determine because of the stochasticity of epigenomic regulation and lack of reference epigenome from previously characterized cell types, especially for assays like single cell Hi-C that the reference of rare populations are very hard to profile. DNA methylation is a stable and cell-type specific epigenetic modification, which has proved to be capable for analyzing the cell composition of heterogeneous samples, such as neuronal subtypes in cortex 17 . Thus, by combining single cell DNA methylation with single cell Hi-C, chromosome conformation heterogeneity can be revealed by grouping via DNA methylation. Because of its low cell-input requirements, single cell Methyl-HiC is readily applicable to diverse samples, tissue types, and rare cell populations, which will benefit our understanding of the chromosome conformation in different conditions.
Methods

Cell culture
The F1 Mus musculus castaneus × S129/SvJae mouse ESC line (F123) was a gift from the laboratory of E. Heard and has been described previously 41 
Methyl-HiC
In situ Hi-C was performed according to previous protocol 12 Sonicated products were pulled down with streptavidin beads. Library construction was then performed on beads. After adapter ligation, beads were suspended in 20ul TE buffer and subjected to bisulfite conversion with EZ DNA Methylation-Gold™ Kit (Zymo, D5005).
Unmethylated lambda DNA was sonicated and ligated with the same adapter for Methyl-HiC sample and then was spiked in at 0.5% before bisulfite conversion. After conversion, streptavidin beads were removed with magnet and the supernatant were purified. Purified bisulfite converted DNA was amplified with HiFi Hotstart Uracil+Ready Mix (KAPA, KK2802).
Single cell Methyl-HiC (scMethyl-HiC)
In situ Hi-C was performed as same as were then performed to digest unused random primer and inactivate dNTPs, followed by a SPRI bead-based purification step. P7 adapter were then ligated to the 3' end of singlestranded products by Adaptase module (Swift, 33096) 42 . Library amplification was then performed using indexed primers that incorporate dual indexing to enable 96-plex sequencing. Amplified libraries were pooled together and subjected to size selection and library quantification.
Whole-genome bisulfite sequencing
Genomic DNA was first extracted from mESCs (DNeasy Blood & Tissue Kit, Qiagen). 1- 
Analysis of methylation data
Raw reads were first trimmed as paired-end reads using Trimmomatic with default parameters to remove the adapters and low quality reads. Trimmed reads were aligned to mm9 using Bismark (v12.5). PCR duplications were removed with Picard (http://broadinstitute.github.io/picard/). CpG methylation level were calculated by Bis-SNP in bissnp_easy_usage.pl with default parameters.
Analysis of Hi-C data
All sequence data were produced using Illumina paired-end sequencing. Each end of the raw reads was mapped separately to the mm9 reference genome using BWAmem. Filtered reads were then paired and de-duplicated (Picard). Reads that map to the same fragment were further removed. Contact matrices were generated at different resolution using Juicer pipeline with KR normalization and visualized using Juicebox.
Loops were then called by HICCUPS.
Methyl-HiC reads mapping by Bhmem
Raw reads were first trimmed as paired-end reads using Trimmomatic with default parameters to remove the adapters and low-quality reads. All C in mm9 reference genome are converted to T to make C_to_T reference genome, and all G are converted to A to make G_to_A reference genome. On paired-end reads, C is converted to T in end 1 and 
Methylation concordance analysis in Methyl-HiC
Bisulfite incompletely converted reads and 5' end incompletely converted cytosine (M-bias)
were filtered out as that in Bis-SNP 38 
Single cell Methyl-HiC analysis
Reads were mapped by the same Bhmem pipeline with additional parameters to adapt the single cell protocol (-nonDirectional -pbat, G is converted to A in end 1 and C is converted to T in end 2; End 1 and end 2 mapped to different bisulfite converted genomes were also considered as the candidate of best pair when join them). We also utilize the restriction enzyme cutting sites on the reference genome to help the reads mapping. Only read pairs with restriction enzyme cutting sites nearby the reads (+/-50bp nearby alignment start and end of the reads) were kept for the further analysis.
After removing low quality reads (not unique mapped, PCR duplicate, not both ends unique mapped and mapping quality score < 30 ), cells with less than 250,000 reads and 10,000 ligation events were removed for the further analysis. The snapshot for Epha4 gene in different compartments between Cluster 2 and Cluster 3. 
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